Abstract In this work, reverse atom transfer radical copolymerization of styrene and acrylonitrile was investigated at 65°C in ionic liquid microemulsion using 2,2'-azobis(isobutyronitrile) (AIBN) as initiator, FeCl 3 ·6H 2 O/succnic acid as catalyst complex, and hexadecyl trimethyl ammonium bromide as surfactant. The copolymers of styrene and acrylonitrile (SAN) with predetermined molecular weights and narrow molecular weight distribution were obtained. Results showed that the polymerization proceeded in a controlled/'living' process in which the molecular weight of SAN increased with increasing the monomer conversion. The size of the resulting SAN particle was investigated. The monomer reactivity ratios increased with increasing the molar ratio of acrylonitrile to styrene. The obtained polymer was characterized by 13 C nuclear magnetic resonance and gel permeation chromatography. The living characteristics were demonstrated by chain extension experiment.
Introduction
The living radical polymerization offers an attractive route to synthesize polymers with well-defined structures [1] . Three radical polymerization techniques have been extensively studied: nitroxide-mediated living radical polymerisation (NMP) [2, 3] , atom transfer radical polymerization mediated by a transition metal complex (ATRP) [4] [5] [6] and reversible addition fragmentation chain transfer polymerization (RAFT) [7, 8] . Among them, ATRP was a robust technique and has been applied under heterogeneous conditions in suspension [9, 10] , dispersion [11] , ab initio emulsion [12] , seeded emulsion [13] , miniemulsion [14, 15] and microemulsion [12, 16, 17] .
Microemulsions are clear, thermodynamically stable, isotropic liquid mixtures of oil, water and surfactant, frequently in combination with a cosurfactant. In contrast to ordinary emulsions, microemulsions form upon simple mixing of the components and do not require the high shear conditions generally used in the formation of ordinary emulsions. However, there are some limits on conducting ATRP in microemulsion, for example, higher amount of surfactant compared with conventional emulsion polymerization and solubility limitations for apolar solutes remains. The limits can be overcome by ionic liquid microemulsion due to the combined advantages of both ionic liquids and microemulsions.
Ionic liquid is a salt in which the ions are poorly coordinated, resulting in these solvents being liquid below 100°C, or even at room temperature (room temperature ionic liquids, RTIL's). RTILs are developed to replace traditional organic solvents and used in microemulsion to widen the application fields of ionic liquid. Ionic liquid microemulsion as a 'green solvent' has been extensively investigated in varied fields of biocatalysis [18] , polymerization [19] [20] [21] [22] , nanoparticle [23] and organic synthesis [24] .
Reverse atom transfer radical polymerization (RATRP) is one of improved ATRP techniques. In a RATRP system, it was not sensitive to air due to higher oxidation transition metals used. Iron complex catalyst is one of the most commonly transition metals and has been applied in controlled/living polymerization [25] [26] [27] [28] . Iron was easily complexed with more environmentally friendly organic acid [29] [30] [31] .
Copolymers (SAN) of styrene (St) and acrylonitrile (AN) have been applied in numerous fields due to its outstanding chemical and mechanical properties. Its application would be further enhanced by an additional control of molecular weights, molecular weight distribution (MWD), and chain topology. There are some reports about controlled/living copolymerization of styrene and acrylonitrile [32] [33] [34] . To the authors' knowledge, there are no reports about controlled/living copolymerization of styrene and acrylonitrile in ionic liquid microemulsion.
In this study, copolymerizations of styrene and acrylonitrile were conducted in ionic liquid microemulsion under reverse atom transfer radical polymerization using 2,2'-azobis(isobutyronitrile) (AIBN) 
Polymerization procedure
The microemulsion systems were prepared by dissolving CTAB in ionic liquid in a 100 mL three-neck round-bottom flask equipped with magnetic stirring bar. Then the monomer, FeCl 3 ·6H 2 O and succinic acid were added. Finally, AIBN was added. The mixture was mildly stirred until the transparent homogeneous phase was reached. The flask was degassed three times under vacuum, and flushed with nitrogen. Then the flask was placed in an oil bath held by a thermostat at 65°C. After the desired time, the polymerizations were stopped by immersing into ice water. The copolymer samples were precipitated by a large quantity of methanol. The obtained copolymers were purified by repeated washing with methanol, and then vacuum-dried at 60°C for 1 day until constant weight.
In 
Measurements
Monomer conversion was determined by gravimetric analysis at different intervals. The conversion (C) was determined by the following formula:
Where W 1 was the initial weight of the comonomers and W 2 was the weight of the obtained copolymer.
The number-average molecular weights (M n,GPC ) and MWDs of the resulting SAN were determined by gel permeation chromatography (GPC), conducted with a Waters 1515 equipped with refractive index detector using tetrahydrofuran (THF) as a mobile phase at a flow rate of 1.0 mL/min at 35°C. Linear polystyrene standards were used to calibrate the columns. 13 C NMR spectrum was recorded for the polymer samples on a Bruker 400 MHz Spectrometer using CDCl 3 as the solvent at ambient temperature and tetramethylsilane as the internal standard.
Particle size was determined by using Malvern Mastersizer 2000 equipment. The particle size distribution obtained was based on volume, i.e., the particle size interval obtained represented the total volume (%) of all particles with a diameter included in this interval in relation to the total volume of all particles in the distribution.
Results and discussion
Reverse atom transfer radical copolymerization of St and AN in ionic liquid microemulsion
The feasibility of reverse atom transfer radical copolymerization of St and AN was investigated in ionic liquid microemulsion. SAN copolymer was prepared by RATRP process using FeCl 3 /succinic acid (SA)/AIBN catalyst system in ionic liquid microemulsion as described in Scheme 1. Figure 1 shows the semilogarithmic kinetic plots for the reverse atom transfer copolymerization with varied molar ratios of St/AN. As shown in Fig. 1 , a linear relationship between ln([M] 0 /[M]) and time was observed, indicating first-order kinetics with respect to monomer consumption and a constant radical concentration during the polymerization process. The copolymerization rate increased with the increase of AN monomer feed until the molar ratio of AN/St was 50:50, and then the copolymerization rate decreased with the increase of AN monomer feed. This is due to the formation of charge transfer complex. Similar results were reported by Hill et al. [33] . Figure 2 shows the dependence of the number average molecular weight (Mn) and the polydispersities (PDI) of the obtained SAN versus monomer conversion at different molar ratios of AN/St. As shown, the molecular weights of the resulting SAN copolymers measured by GPC increased with monomer conversion. Furthermore, in most cases, the molecular weight distributions were below 1.3. The results indicated that copolymerization of AN/St proceeded in a controlled/living fashion. However, at the beginning of copolymerization, some higher molecular weights were obtained due to incomplete decomposition of AIBN. The copolymerization proceeded in a conventional radical polymerization. This was further confirmed by broader molecular weight distribution during the initial polymerization.
SAN copolymer for ionic liquid microemulsion system was determined using 13 C nuclear magnetic resonance spectroscopy. Figure 3 shows 13 C NMR spectrum of the resulting SAN copolymer. The peaks at 120.6-121.8 ppm were assigned to the group of CN. The signals at 126.1-130.4 ppm were attributed to the aromatic ring group. The signals at 25.3-27.3 ppm corresponded to the methine group of CH. The signals at 35.8-41.6 ppm were attributed to the methylene group of CH 2 .
The particle size distribution is shown in Fig. 4 . Particle size showed a distribution between 5 and 60 nm, with irregular peaks between 10.1 and 20 nm.
Monomer reactivity ratios calculated from 13 C NMR spectrum According to the literature [34] , Fineman-Ross and Kelen-Tudos methods were not used to calculate the reactivity ratios of copolymerization of St and AN because it was difficult to obtain linear plots. A series of experiments with different feed molar ratios were carried out under the same experimental conditions and the components were determined by 13 C NMR (Fig. 5) . The reactivity ratios can be calculated by the following equation: The triads distributions were determined according to what was reported by Hill [33] . The triads distributions were calculated from the area under peaks for the respective triads. For example, the feed molar ratio of AN:St was 15:85, F SSS was equal to the ratio of the integral area of SSS (δ=143.7-146.8 ppm) and total area of SSS (δ=143.7-146.8 ppm), SSA or ASS (δ=141.2-143.7 ppm) and ASA (δ=138.7-1141.2 ppm). The results were summarized in Table 1 . When the molar ratios of AN:St changed from 15:85 to 85:15, the reactivity ratios of AN and St were from 1.039 to 0.003 and from 1.084 to 2.149, respectively. The reactivity ratios calculated from Fig. 5 were shown in Fig. 6 . The obtained reactivity ratios in this work are different from that of reported conventional microemulsion copolymerization of St and AN (r St =0.61-2.98, r AN =0-0.039) [35] . The reported reactivity ratios for the controlled/living copolymerization of St and AN calculated by the Jaacks's method were r St =0.46, r AN =0.19 [36] . The deviation of reactivity ratios may be due to different reaction media and different mechanism. C NMR spectra indicating the evolution of the intensity of nitrile carbon regions and aromatic carbon regions during copolymerization in ionic liquid microemulsion were in turn added to the flask. After degassed, N 2 was charged. The cycle was three times. The polymerization was conducted at 65°C. As shown in Fig. 7 , the molecular weight increased from 12,800 g/mol to 36,400 g/mol and the MWD also increased from 1.23 to 1.33 indicating that the SAN with chlorine end groups synthesized by using these initiator/catalyst/ionic liquid microemulsion systems can initiate reverse atom transfer copolymerization quantitatively to prepare the well-defined SAN with narrow MWD.
Conclusion
Reverse atom transfer radical copolymerization of acrylonitrile and styrene were successfully carried out in ionic liquid microemulsion with AIBN as initiator in the presence of FeCl 3 ·6H 2 O/SA complexes catalyst. The copolymerization proceeded in a controlled/living fashion, as evidenced by the first-order kinetics and the linear increase of the numberaverage molecular weight with conversion. The particle size distribution of the obtained SAN copolymer was about 10-20 nm determined by Malvern Mastersizer equipment. The monomer reactivity ratio of AN and St copolymerization in ionic liquid microemulsion was determined by 13 C NMR spectroscopic analysis and varied from 1.039 to 0.003 for AN and from 1.084 to 2.149 for St when the monomer feed molar ratio of AN and St changed from 15:85 to 85:15. BPO was also an efficient in this system. The resulting SAN copolymer with a chlorine-terminated atom was activated during the chain extension experiment. 
